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PROBLFMS O F  SPACECRAFT CONTROL DURING 
DESCENT I N  THE ATMOSPHEBE 

ABSTRACT 3 367'7 
The descent of a space vehicle, from i t s  i n i t i a l  def lect ion from 

o r b i t  and entry in to  t h e  s ign i f icant ly  dense portion o f  a plane- 

t a r y  atmosphere t o  landing i n  a predesignated location, i s  com- 

prehensively analyzed f o r  the specif ic  case of ear th ,  the re -  

s u l t s  of which are extendable t o  other planets by analogy. 

material  i s  covered from the viewpoint of f l i g h t  aerodynamics 

The 

and vehicle control during descent. I n  the former are consid- 

ered the various classes of (nonboosted) descent t ra jec tory :  

b a l l i s t i c ,  skip, and i n e r t i a l  glide. It i s  shown t h a t  the  

function of the control system mus t  be t o  correct for align- 

ment and magnitude e r rors ,  minimize overheating and dynamic 

overloading, compensate for  nonstandard atmospheric conditions 

and wind disturbances, correct f o r  rebounding when lift i s  u t i l -  

ized i n  descent, and augment the  vehicle 's  natural  pitch and yaw 

damping, which i s  negligible a t  hypersonic speeds. 

The problems of guidance and control are investigated with re -  

spect t o  the  communications, instrumentation, da ta  processing, 

servo, and corrective subsystems required f o r  meeting the con- 

t r o l  objectives. A detailed analysis and systems sysnthesis i n  

terms of individual controlled parameters give a qua l i ta t ive  

picture  of how t o  resolve the ult imately complex problem of 

integrated control of the t o t a l  vehicle and i t s  descent 

t ra jec tory .  



The landing of a space vehicle on a planet consists of two inherently 

d i s t i n c t  stages: f l i g h t  beyond the boundary of the  atmosphere and f l i g h t  within 

/359 

the  atmosphere. Potent ia l  systems f o r  control i n  the  first stage are considered 

i n  chapters 7, 8, and 9. 

I n  the  present chapter, at tention i s  focused primarily on control of t he  

vehicle during descent in to  the atmosphere, i . e . ,  a t  heights where the  influence 

of aerodynmic forces on the  f l i g h t  dynamics becomes s ignif icant .  

t h i s  s t a t e  begins a t  a l t i tudes  on the order of 80 t o  100 km. 

For ear th,  

The difference between the control systems for descent i n  the atmosphere 

and the systems for  control o f  the vehicle i n  empty space l i e s  i n  the  objec- / 3 6 0  

t i v e s  and means of control; i n  addition t o  accuracy i n  s teer ing the  c r a f t  t o  t he  

prescribed landing area, t he  control system m u s t  ensure limited aerodynamic 

heating and overloads on the  vehicle; t he  primary control media are the  aerody- 

namic forces and moments. 

This chapter discusses descent in t h e  ea r th ' s  atmosphere. The problem of 

landing on cer ta in  other planets i s  analogous i n  principle with the  ear th  

problem, since the  conditions f o r  descent are similar (cent ra l  gravi ta t ional  

f i e l d ,  approximately spheroidal planet, exponential dependence of atmospheric 

densi ty  on height, etc.)  . 
The analysis rests on the following assumptions, which permit considerable 

space savings i n  the  bulk of the  calculations, without violat ing t h e  r igor  of 

t he  presentation. 

1. The ear th  i s  t rea ted  as a nonrotating sphere. The atmosphere and gravi- 

t a t i o n a l  f i e l d  have spherical  symmetry. 

Numbers i n  the margin indicate pagination i n  the  or ig ina l  foreign tex t .  
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2. 

3. 

Descent proceeds i n  the  plane of a great c i r c l e .  

The d i f f e r e n t i a l  equations f o r  descent i n  the  atmosphere are separable 

The analysis i s  referred t o  in to  equations of longitudinal and lateral  motion. 

the  longitudinal motion of t he  vehicle, as the  component which most completely 

governs the charac te r i s t ics  of descent i n  the  atmosphere (heating, overload, 

e tc . ) .  

4. The powerplant of the  vehicle i s  nonoperative during descent. This i s  

considered t o  be the most probable version, since the  required mmeuvering with- 

i n  the  atmosphere i s  accomplished a t  the expense of the  c r a f t ' s  k ine t ic  energy, 

which i s  adequate for producing the  controll ing aerodynamic forces and moments. 

The u s e  of an engine, on the  other hand, involves an increase i n  the  launching 

weight due t o  the  ex t ra  f u e l  and, as a r e s u l t ,  higher power consumption i n  

launching of t he  spacecraft. It i s  assumed, however, t h a t  the  vehicle i s  

equipped with a small vernier deflecting rocket f o r  correcting the a t t i t ude  a t  

ce r t a in  stages of t he  f l i g h t .  

10.1. DYNAMICS OF SPACECRAET DESCENT 

The dynamics of controlled descent of a spacecraft i n  the  atmosphere i s  

determined by the  aerodynamic character is t ics  of t he  vehicle,  t he  parameters of 

t h e  atmosphere, and i n i t i a l  conditions of entry i n t o  the  atmosphere: the  veloc- 

i t y ,  angle of a t tack of t he  t ra jectory,  and en t ry  coordinate e r ro r  r e l a t i v e  t o  

t h e  calculated coordinate. The i n i t i a l  conditions of entry,  i n  turn,  depend, 

on the  f irst  stage of descent, i.e., f l i g h t  outside the  atmosphere. To es t i -  

mate the  conditions of entry,  we w i l l  examine the  descent of a spacecraft i n i t -  

i a l l y  moving i n  some c i rcu lar  o rb i t  of radius r 

t h a t  descent from the  o r b i t  i s  realized by means of an impulsive counterthrust, 

which alters the  o r b i t a l  ve loc i ty  V of the  vehicle by some amount AV Ocir 

(ref. 44). We w i l l  suppose 
0 
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( f ig .  10.1). 

We w i l l  determine the  descent parameters under the  following typica l  conditions/361 

f o r  descent from the  o rb i t :  

I n  t h i s  case the descent t r a j ec to ry  w i l l  represent an e l l ipse .  

I 

I 

(10.1)-(10.2) 

HereAh. i s  the change i n  height during application of t he  deceleration impulse.  
1 

Figure 10.1. Descent from a Circular Orbit. 

It follows from the  condition (10.1) t h a t  the eccent r ic i ty  of  the  descent 

e l l i p s e  i s  considerably l e s s  than unity. We denote 

r 
a, = 1 - - << 1, 

I 
I 10 

AV 
vcir I 

r=--<<o 
V 

where r i s  the  radius of t he  point o f  descent from the  o rb i t .  0 

On the  bas is  of the  expression (1.15) (chapter 1) f o r  the  point of descent 

from t h e  o rb i t ,  we have 
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v i =  1 +  2 y C O S O - ' r +  
+ f = 1 + 2.1 COS wT, (10.4) 

wherew 

ment vector of t he  vehicle due t o  the  counterthrust i m p u l s e  a t  the  point of 

descent from the  o rb i t .  

i s  the  angle between the  o rb i t a l  veloci ty  vector and ve loc i ty  incre- T 

To determine the  veloci ty  of the vehicle a t  any point of t he  descent t r a -  

jectory,  we make u s e  of the equation f o r  the  t o t a l  constant energy of the  

vehicle : 

v 2  + 2gh = vi + 2g,h,, 1 

whence, taking (10.4) in to  account, we obtain 

Since 

w e  obtain i n  f i n a l  form, a f t e r  subst i tut ion in to  (10.5), 

(10.6) u2 1 + 2.7 cos ox + 2z,. 
The distance traversed by the vehicle from the  point of o r b i t a l  descent i s k  

determined by the  r e l a t ion  

where the  minus sign a p p l i e s  when 0 < 1800, t he  p l u s  sign when wT > 180". 

values @ and @ of the  angular distance are determined as follows. 

The T 

From 0 
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equation (1.13) (chapter l)*, we have 

. ,  (10.8) 

Subst i tut ing the  values of a and r from equations (1.13) and (1.16) end a - 
neglecting the  small higher orders, we  obtain 

I ==: 1 - (1 -ar)  (1 -e) (1 - 2.1 cos 0,) = a + e + 27 cos wT. 

Hence, taking in to  account the  value of e (see eq. (1.17)) , w e  obtain an 

expression for the  angular range: 

+ 1 + 3 cos20, )] . 

At the  point of descent of the  vehicle from o rb i t ,  the  value of the  

angular range i s  defined by the  condi t iona  = 0 ,  hence r 
0 

[ 1 + 7 (2 cos 0, + 1 + 3 C O S 2 0 ,  ) ]  2 cos U T  cos e, = 1/1 ~ ~ C O S ~ W ~  (10.10) 

The slope of t he  vehicle t ra jec tory  @ i s  Found by transformation of t he  

r e l a t i o n  (1.12) for any point: 

2A cos a) = - 
rV 

*Equations c i t ed  from other portions of t he  book a re  presented a t  the  end 

of t h e  present a r t i c l e .  - Translator. 
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so t h a t  

(10.11) 

Making use  of the expressions derived i n  section 1.2 of t h i s  book for r, V, 

Va and neglecting the small higher orders, we have 
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(10.12) 

The expressions j u s t  derived, which establ ish a one-to-one r e l a t ion  be- 

tween the  parameters of descent outside the  atmosphere and the  parameters defin- 

ing descent from o rb i t ,  can be used t o  solve the  converse problem of calculating 

the  magnitude and direct ion of the  increment AV t o  a t t a i n  predetermined condi- 

t ions  of atmospheric entry. The parameters of spacecraft descent from an o r b i t  

a t  a height of 240 kmto  a height of 80 km are shown i n  f igures  10.2, 10.3, and 

10.4 (ref. 44). 

AV necessary for  a t ta ining specified conditions of atmospheric entry, i . e . ,  

given angular range and slope of t he  t ra jectory.  

The graphs make it possible t o  determine the  values of@* and 

Figure 10.2. Dependence of Angular Range on the  
Relative Velocity Increment. 
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Figure 10.3. Dependence of the  Relative Velocity 
Increment on Angle of Atmospheric Entry. 

?4 0 

i6U 

80 

4 -+.' 
. - - .en a 2 

Figure 10.4. Angular  Range as a Function 
of Angle of Atmospheric Entry. 

+ 
In actual  practice,  however, the t rue  value of the vector AV d i f f e r s  from 

the  calculated value, which induces e r rors  i n  the i n i t i a l  parameters of en t ry  

r e l a t i v i  t o  the nominal parameters. These e r rors ,  which by and large a f f ec t  

t he  operation of the  control system for atmospheric descent, are  computed from 

the  appropriate e r ro r  coeff ic ients .  The l a t t e r  are the p a r t i a l  der ivat ives  of 

t he  descent parameters with respect t o  the var iableswT and AV. 

i ng  equation (10.7) and recognizing (lO.g), (10.10) , we obtain the following 

Differentiat-@ 

e r r o r  coeff ic ients  : 
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(10.13) -(lo. 14) 

-.. - - . 

It follows from the  l a t t e r  equation t h a t  

due t o  or ientat ion e r ror  i n  the vector AT can 

choice of the  nominal value f o r o  T'  

The results of calculations according t o  

represented by the graphs i n  f igures  10.5 and 

the  f l i g h t  range e r ror  coeff ic ient  

be reduced t o  zero by sui table  

equations (10.13) and (10.14) are  

10.6, from which it i s  apparent 

t h a t  t he  essent ia l  fac tor  determining the  distance e r ror  between the  point of 

descent from o rb i t  and en t ry  in to  the atmosphere i s  the  or ientat ion e r ror  of 

the vectorAV, or, i n  other words, the angular error of the  counterthrust. 

example, i f  o 

curacy of h i t t i n g  a predetermined region of en t ry  in to  the  atmosphere can be 

improved by orienting the counterthrust vector i n  the  in t e rva lw  

corresponding t o  typ ica l  angles o f  atmospheric en t ry  of the  order - l t o  -3" 

For 

- 180" and A W  = lo, the e r ror  amounts t o  AL = 55.5 km. The a c - m  T -  

- 120 t o  150°, T -  

( f ig .  10.7). . .  

, 

0 2 

Figure 10.5. Dependence of the  Range Error Coefficient Due t o  Error 
in t he  Magnitude of AV on the  Angle of Atmospheric Entry. 
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Figure 10.6. Dependence of t he  Range Error Coefficient Due t o  Error 
i n  the Value ofo on the Angle of Atmospheric Entry. T 

Figure 10.7. Val 

1 

- .  - . 

.ue of w Corresponding T to aL/aoT = 0 .  

The t ra jec tory  slope e r ror  coefficients are obtained by d i f fe ren t ia t ion  of 

equation (10.12) : - ~_. - 

(10.15) - (10.16) 

Calculations according t o  equations (10.5) and (10.6) show t h a t  t he  a.ngle 

of atmospheric en t ry  changes only very s l igh t ly  with e r rors  i n  the  counterthrust 

10 



vector ( f igs .  10.8 and 10.9). 

AwT = lo", t he  var ia t ion i n  angle of entry re la t ive  t o  t he  nominal value i s  

For example, with @ = -2 " ,  wT = 135" and en e r ror  

0.14". 

Figure 10.8. Error Coefficient for Angle of Atmospheric 

T' Entry due t o  Error i n  w 

Figure 10.9. Error Coefficient f o r  Angle of  Atmospheric 
Entry due t o  Error i n  the  Magnitude of AV. 

A n  analysis of the descent of  orbit ing spacecraft ( re fs .  44 and 48) shows 

t h a t  with the  u s e  of modern measuring and control instruments, e r rors  i n  the  

system fo r  control of the  start  and stop of the  braking rockets and i n  the  sys- 

t e m  for s tab i l iza t ion  of the  vehicle 's  angular or ientat ion during operation of 

t he  braking rocket produce the following er rors  i n  the  i n i t i a l  conditions of 

atmospheric entry: 

11 



dQi = 20.1' fo r  the  s lope  o f  the t ra jectory;  en 

b L  

The difference between the i n i t i a l  conditions f o r  atmospheric entry and /366 

= +lo0 km i n  range. en 

the  nominal values, combined w i t h  the difference between the  r e a l  atmosphere and 

the  model used f o r  preliminary calculation of the  descent t ra jectory,  leads t o  

considerable sca t te r  i n  the point where the  spacecraft touches down on earth.  

Consequently, the problem i s  t o  create a closed-loop control system t h a t  w i l l  

guide the  vehicle in to  the landing area. The design of such a system poses a 

number of problems re la t ing  t o  the fac t  t h a t  the  vehicle cannot descend by an 

a rb i t r a ry  spa t i a l  t r a j ec to ry  by virtue of the  following considerations: A t  the  

inception of descent i n  the atmosphere, the  k ine t ic  energy of the spacecraft i s  

very large,  so t h a t  the  vehicle must enter  the  dense layers  of the atmosphere by 

a very oblique t ra jec tory  i n  order t o  obviate large overloads and heating due 

t o  a i r  drag; a t  the end of descent, a f te r  the  energy of  the  c r a f t  has been 

diminished due t o  heating of t he  a i r  flowing past ,  the  poss ib i l i ty  of maneuver- 

ing it i s  limited by the  f i n i t e  reserve of ever-diminishing energy, since the  

powerplant has been shut off .  

On the bas i s  of these considerations, t he  descent of t he  apparatus i s  de- 

termined by a cer ta in  family of t ra jec tor ies ,  along which f l i g h t  under nominal 

conditions ensures safe descent and landing i n  a predetermined region with the  

control uni ts  i n  fixed position. Such t r a j ec to r i e s  are  usually called nominal, 

or reference, t ra jec tor ies .  The function of t he  guidance system for descent i n  

the  atmosphere i s  t o  s t ab i l i ze  t h e  vehicle along the  calculated reference t r a j -  

ectory under perturbation conditions or i n  t ransfer  t o  another t r a j ec to ry  when 

the  i n i t i a l  en t ry  e r rors  or perturbations are so great during descent t h a t  any 

a t t e m p t  t o  s t ab i l i ze  the  vehicle into the  or ig ina l  t r a j ec to ry  i s  e i the r  

12 



impossible or hazardous due t o  the required increase i n  dynamic and thermal 

loads. 

I n  order t o  properly evaluate the reference conditions of f l i g h t ,  we w i l l  

calculate the  possible t r a j ec to r i e s  for uncontrolled descent of a vehicle i n  

the  atmosphere. The t o t a l  s e t  of rea l  descent t r a j ec to r i e s  can be divided in to  

two basic  types: b a l l i s t i c  t ra jec tor ies ,  along which the vehicle descends with 

zero aerodynamic qual i ty  (K = 

descent i s  made with a posit ive constant qua l i ty  K > 0. The l a t t e r  can be 

fur ther  divided in to  two types: 1) s k i p  t r a j ec to r i e s ,  typ i f ied  by phugoid osc i l -  

= 0) ,  and a glide t ra jec tory ,  along which 

l a t ions  of t he  descending vehicle 's  center of mass due t o  skipping from the  

dense layers  of t he  atmosphere; t h i s  type of t ra jec tory  resul ts  when the  angle 

of en t ry  of t he  vehicle in to  t h e  atmosphere i s  not equal t o  zero; 2) i n e r t i a l  

gl ide t r a j ec to r i e s ,  characterized by gradual sp i r a l  descent of the vehicle; such 

t r a j ec to r i e s  r e su l t  when the  angle of atmospheric entry i s  zero. 

The analyt ical  solution of the  equations of  atmospheric descent, by which 

the. reference conditions f o r  descent can be evaluated, have been obtained for  

some special  types of descent t ra jec tor ies .  

of descent t r a j ec to r i e s  i n  general has been proposed i n  reference 30, t he  

essence of  which i s  contained i n  seeking approximate solutions t o  the  vehicle 

descent equations. 

A suitable method f o r  the a n a l y s i s E  

The vector d i f f e ren t i a l  equation of  descent i n  polar coordinates ( f ig .  

10.10) i s  wri t ten i n  the form 



J. 
Figure 10.10. Scheme f o r  Derivation of the  

Equation of Atmospheric Descent. 

I n  figure 10.10 and equation (lO.l7), t he  following notation i s  used, i n  addi- - t i o n  t o  t h a t  introduced above: 

vehicle,  e a n d z  are  uni t  vectors directed along the radius vector r and per -  r 8 

pendicular t o  it, V i s  the component of the  ve loc i ty  vector of t he  vehicle i n  r 
the  d i rec t ion  of the  radius vector, X,  Y a re  the  drag and l i f t  on t h e  vehicle,  

a i s  the  vector acceleration act ing on the  - 
& 

respectively,  defined by the  familiar equations of aerodynamics f o r  motion i n  

the  atmosphere: 

x=c,s-- PV2 
2 ; (  

(10.18) - (10.19) 

where c 

S i s  t h e  base area of t he  vehicle, p i s  the  a i r  density. 

and c 
X Y 

are the  aerodynamic coeff ic ients  of the  corresponding forces,  

I n  the  a l t i t ude  range 0 t o  100 km, the  standard atmospheric dens i ty  i s  well  

approximated by the  exponential l a w  

p = p R  e-Bh , (10.20) 



where p =: 0.142 kg/m 3 i s  the  a i r  density a t  sea level ,  and R 

-4 -1 /3 = 1.396-10 meter . 
The aerodynamic force vector 

-* 
-+ 

f = (-- rng + Y cos o - Xsin 01 e,- (X cos 0 + Y sin O) e, i 

i s  equal, i n  the absence 

multiplied by the  mass m 

(10.21) 

of th rus t ,  t o  the  vehicle acceleration vector < 
of the vehicle. 

- 
Hence, bearing i n  mind t h a t  

tan  Q, = Vr/VT, (10.22) 

and making u s e  o f  equations (10.17) and (10.18), w e  obtain 

v: Y -g--  -,--cos0 d2h __-- f l , 
dt dt2 r m m 

--- 

1 (10.23) -(10.24) 
r m X 

It i s  stressed t h a t  r and g a re  not constants, but  depend on the  a l t i tude  

of t he  vehicle i n  f l i g h t .  

To s i m p l i f y  solution of t he  system of equations (10.23) and (10.24) , we 

invoke two assumptions. 

1. The r e l a t ive  var ia t ion d r / r  of the  distance from the  center of  the  

pla .net  during some t i m e  in te rva l  i s  small i n  comparison with the  r e l a t ive  var i -  

a t ion  dVT/VT of 

2. I n  the 

t r a j ec to ry  m u s t  

t he  veloci ty  during the same interval ,  i . e . ,  

case of vehicle descent u t i l i z ing  l i f t ,  t he  slope @ of the  

be small enough t h a t  the  horizontal  component of t h e  l i f t  

vector i s  much smaller than the  drag force,  i .e . ,  

I (i/x)tanm t << 1. 
(10.26) 



The assumption (10.25) l i m i t s  the segment of descent heights t o  a cer ta in  

interval ,  within which the e f fec t  of the  atmosphere on the  t r a j ec to ry  of t he  

vehicle i s  appreciable. Actually, a t  heights where the  e f f ec t  of t he  atmosphere 

i s  neglibly s m a l l ,  we obtain the  following on the  bas i s  of conservation of 

moment um : 

dVT/V, = - drlr. 

A s  t he  veloci ty  head acting on the vehicle increases, t he  above equal i ty  

goes over t o  the  inequality (10.25). Solution of t he  descent equations shows 

t h a t  t h e  assumption (10.25) yields a su f f i c i en t ly  accurate r e s u l t  already f o r  

dr / r  \< O.l(dV /V ) , which i s  sa t i s f ied  beginning with heights of t he  order 

80-100 km. 

t he  usual equations of c e l e s t i a l  mechanics (see eq. (1.3), chapter 1). 

T T  
Above t h i s  interval ,  t he  descent t ra jec tory  can be determined from 

The assumption (Lo .26) i s  automatically f u l f i l l e d  i n  b a l l i s t i c  descent. 

I n  vehicle descent u t i l i z ing  l i f t ,  t h e  assumption (10.26) limits the  investiga- 

t i o n  t o  the  case of small t ra jec tory  angles. 

a gl iding vehicle, however, the slope of the  t ra jec tory  over the  segment on 

which the  vehicle suffers maximum heating and loading, which i s  the  segment of 

most i n t e r e s t  as far as  the  analysis of descent i s  concerned, i s  i n  f a c t  small, 

and the  assumption (10.26) only s l igh t ly  a f f ec t s  the  general nature of the  

solut ioo to t he  descent equations. 

I n  actual  versions of descent by/369 

The condition (10.25) permits equation (10.24) t o  be simplified. From 

equation (10.25) we have VrVT/r << dVT/dt, and equation (10.24) becomes 
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Making use of the  expressions for  t he  aerodynamics forces (10.18) and 

(10.19) and the assumption (10.26), noting also t h a t  V = VT/cos @, we obtain 

( 10.28) 

A s  our independent variable w e  choose the  r a t i o  of the  horizontal  veloci ty  

component t o  the  loca l  c i rcu lar  velocity of t he  vehicle 

The assumption (lO.25), i n  conjunction with the  equation dg/g u dr / r ,  which 

i s  implied by the universal  gravitation l a w ,  makes it possible t o  neglect t he  

der ivat ives  of g and r r e l a t ive  t o  t h e i r  der ivat ives  with respect t o  both V 

and u ,  f o r  example, 

T 

From equation (10.23) , taking equations (10.18) , (10.19) , and (10.29) i n to  

account, we obtain 

Equations (10.28) and (10.31) can be reduced t o  a single equation by means 

of t h e  subs t i tu t ion  

17 



Different ia t ing Z with respect t o  u and recognizing (10.25) and (10.20), we 

obtain 

1370 

It follows from a comparison of equations (10.28) and (10.30) tha.t 

du uz 

dt (10.34) 

Substi tuting t h i s  expression into (10.33) and recognizing t h a t  dh/dt = 

= vT = u@ t a n  a, we obtain 

Acknowledging (10.32) and (10.33), equation (10.31) can be wri t ten as 

follows : 

I __-_---- 1 w7 - 1 d2h -1 -u2+ 
’ g dt2 

W e  next transfrom the  left-hand side of the resu l tan t  equation. Differ- 

en t i a t ing  equation (10.35) with respect t o  t i m e ,  we obtain 

whence, taking (10.30) and (10.35) into account, we f ind  

18 



Substi tution 0: t he  first resul tant  expression in. ) (10.37) yields  

Comparing t h i s  equation with (10.36) a n i  noting t h a t  the  second expression& 

(10.38) implies 

we obtain the  equation f o r  the function Z i n  f i n a l  form: 

cos' 4, + vp K cos. 4, = 0.1 -& (% -t) - (lz 1 - ua 

I (10. 40) 

2 I n  t h i s  equation, the  term cos @ =  ,'1 - s i n  @ can be expressed i n  

terms of Z and Z '  by means of equation (10.35). 

To c l a r i f y  the  physical interpretat ion of each t e r m  appearing i n  equation 

(10.40), t h e  expressions (10.38) and (10.36) can be used t o  represent (10.40) 

i n  the  form 

Term I i s  the  v e r t i c a l  component of the  acceleration; I1 i s  the  v e r t i c a l  

component of the  drag force; I11 i s  the resu l tan t  of the  force of  gravi ty  and 

centr i fugal  force; I V  i s  the  l i f t  force. 



Equation (10.40) enables u s  t o  determine the  descent t ra jec tory  by numeri- 

c a l  integrat ion more easily than by numerical integrat ion of t he  i n i t i a l  equa.- 

t i ons  (10.23) and (10.24). 

quadratures. 

1. 

I n  certain cases, equation (10.40) can be solved i n  

The cases i n  which t h i s  i s  possible are as follows: 

= const. @en B a l l i s t i c  descent with a constant t r a j ec to ry  s l o p e  Q, = 

The calculations show t h a t  i n  t h i s  case the  resu l tan t  of t he  centrifugal force 

and gravi ta t ional  force can be neglected, whereupon the  solution becomes 

U Z, = v[3;sin oenu In - . 
Uen (10.42) 

2. I n e r t i a l  gliding 

is suffered by neglecting 

vectors and assuming t h a t  

descent. I n  t h i s  case, no 

the  ver t ica l  components of 

appreciable l o s s  of r igor  

the  acceleration and drag 

cos 0 =1; then the  solution assumes the form 

3. Skipping descent. Neglecting the  resu l tan t  of t he  centrifugal and 1372 

gravi ta t ional  forces and assuming tha t  cos @ = 1, we obtain the  solution 

(10.44) 

A s  an example of t he  solution of equation (10.40) by numerical integration, 

f igure 10.11 shows the  values of the  Z-functions f o r  b a l l i s t i c  (K = 0) and 

gl iding (K = 0.7) descent a t  various angles of atmospheric entry. 

Once we have the  Z-functions, it i s  not d i f f i c u l t  t o  obtain the  values of 

t h e  parameters characterizing descent of t h e  vehicle. 

of t he  acceleration a 

The horizontal  component 

i s  found from equations (10.17), (10.3O), and (10.34) : 
-8 
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Figure 10.11. Values of t he  Z-Functions f o r  Atmospheric Descent 
with an I n i t i a l  Orbi ta l  Velocity. 

To determine the  slope of  the  vehicle t ra jectory,  we use equation (10.35) : 

Z'- ( Z l u )  1 
. '  /er sin 0 = 

(10.46) 

The distance A s  traversed by the vehicle i n  a c i rcu lar  path as the  veloc-/373 

i t y  var ies  from a value u t o  u canbe  determined by subst i tut ion of the  Z- 1 2 

function in to  equation (LO. 34) : 

The r e l a t ive  density, normalized t o  the  value of t he  densi ty  a t  sea level ,  

i s  calculated by means of equation (10.32), which defines the  function Z: 

( 10.48) 

The expression for  time of f l i g h t  of the vehicle between the  ve loc i t ies  

u and u2 i s  obtained with the  help o f  equation (10.34): 1 

2 1  



. 

ut 

dit. ds cos @ 

=* 
(10 49) 

The thermal charac te r i s t ics  of the descending spacecraft i n  t h e  case of 

laminar flow p a s t  the  vehicle are  described by the  following equation f o r  t he  

heat flow rate p e r  uni t  surface a t  the c r i t i c a l  point ( re f .  30) : 

where R i s  the  radius of curvature of t he  vehicle surface a t  t he  c r i t i c a l  point. 

Combining equations (10.32) , (10.29) , (10.48) , and (10.50) , we obtain f o r  

any point on the  vehicle surface 

where 

The equilibrium temperature a t  any point of the  vehicle surface with heat  /374 

rad ia t ion  from the  surface i s  defined by the  w e l l  known re la t ion  

(10.53) xT4 = 4,  , 

where E i s  the blackness coeff ic ient  of t he  radiat ing surface, u i s  the  Stefan- 

Boltzmann constant. 

The t o t a l  heat input t o  the  vehicle, i .e . ,  t he  t o t a l  amount of heat  ac- 

quired by the  vehicle during descent, i s  
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'en I 
(10.54) 

The coefficient k accounts f o r  the var ia t ion i n  heat flow over the  en t i r e  

For a hemispherical bow section, 

2 

surface 

k2 = 0.5 (ref. 30) .  

i n  contact with the  boundary layer. 

Combining equations (10.54), (10.49), and (10. 5l), we obtain 

0 2 4-Q;" 0 2 4 -+;* 

Figure 10.l2. Fl ight  Position and Range Error Coefficient 
as  a Function of Atmospheric Entry Angle. 

The use of the  Z-functions makes it possible t o  calculate,  f a i r l y  i ckl: 

and with engineering r e l i a b i l i t y ,  the reference t r a j ec to r i e s  and parameters f o r  

descent of a spacecraft i n  the  atmosphere. The most important parameters gov- 

erning the  optimality of t he  reference descent t r a j ec to ry  are the  miss distance 

of t he  spacecraft from the  landing s i t e  and the  magnitude of overloading and 

heating t o  which the  vehicle i s  subjected during descent. Figure 10.12 shows 
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t he  influence of the angle of atmospheric en t ry  on the  range and range e r ro r  

coefficient;  the graphs have been calculated from the  Z-functions shown i n  

f igure  10.11. 

increasing angle of entry. 

increases, l imit ing the  angle of entry of an orbi t ing c r a f t  with crew t o  a 

value of - a,, = 2-3'. 

K = 0 we obtain a distance e r ror  d L  = 20-30 km f o r  aen = 2-3'. 

add the  e r ro r  caused by the  d ispar i ty  between the  t r u e  atmosphere and the  model 

adopted f o r  the calculations,  the  t o t a l  e r ro r  i n  h i t t i n g  the  t a rge t  region, 

accumulated over the t o t a l  period f r o m  the  time the vehicle f i rs t  descends from 

o rb i t  u n t i l  reaching earth,  w i l l  be considerably larger.  

It i s  apparent t h a t  t h e  landing precision I.ncreases sharply with 

But then the  maximum longitudinal load ( f ig .  10.13) 

Assuming tha t  t he  angle errorAaen = 0.1', i n  the  ca.se 

If to t h i s  we 

Figure 10.13. Dependence of t he  Peak Load on Angle of Atmospheric Entry. 

1) Permissible l i m i t  of short-term overloads 

The thermal character is t ics  of t h e  descending vehicle,  calculated from 

equations (10.52) and (10.55), are shown by the  graphs i n  f igure 10.14, from 

which it i s  evident t h a t  increasing t h e  slope of the t r a j ec to ry  on entering the  

atmosphere reduces the  t o t a l  heat input to the  vehicle, but  increases the  m a x i -  

mum heat  flow r a t e  and, as implied by (10.53) , the  maximum temperature of the  

sheath. An important feature of t he  processes involved i n  heating of t h e  vehicle 

i s  reduction of t he  heat flow r a t e  when the  radius of curvature of t he  bow sec- 

t i o n  i s  increased, as i s  apparent from equation (10.51). 
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I 
Figure 10.14. Thermal Character is t ics  of Descent 

The pecul ia r i t i es  of the dynamic and thermal character is t ics  of atmospheric 

descent a t  hypersonic speeds have largely dictated the practicable aerodynamic 

shapes t h a t  vehicles designed fo r  landing have assumed. The simplest p rof i le  1376 

i s  t h a t  of the b a l l i s t i c  capsule, an example of which i s  the  Mercury manned 

capsule (USA), shown schematically i n  f igure l O . l 5 a  ( r e f ,  84). 

t i o n  of the capsule i s  achieved by using a broad heat shield with a large 

Thermal protec- 

radius of curvature (about 1 m) , covered with a p l a s t i c  ablation material. The 

shield protects  the  r e s t  of the capsule, so t h a t  i t s  temperature never exceeds 

800-go0°c. The p la s t i c  material  i s  a sublimate, cooling the screen by evapora- 

t i o n  and f r i c t i o n a l  wear. 

t i o n a l  t o  the t o t a l  heat input t o  the vehicle. 

i n  order t o  diminish it, t o  increase the angle of atmospheric entry,  thereby 

The weight of the sublimating substance i s  propor- 

Consequently, it i s  desirable,  

reducing the t o t a l  heat input. It should be real ized t h a t  i n  t h i s  case the 

landing accurance i s  also increased, but,  on the other hand, the peak load dur- 

ing  descent increases. The capsule executes a "soft" landing by means of 

braking parachutes, which are ejected a t  a height of about 3000 m. 



Directiod 
- .  of fl iqht ' 

'* a) 

Figure 10.15. Typical Space Vehicles Intended f o r  Atmospheric 
Reentry and Landing (Not D r a w n  to Scale) : 

a) Mercury Capsule (USA); b) Dyna-Soar (USA). 

Another conceivable type of vehicle designed f o r  reentry i n t o  the  atmos- 

The u t i l i z a t i o n  of aerodynamic phere from space f l i g h t  i s  the  winged gl ider .  

l i f t  for descent i m p a r t s  high maneuverability to the  g l ider  and permits the 

solut ion of a whole complex of problems associated with f l i g h t  over large d i s -  

tances. An example of t h i s  type of vehicle i s  the  projected delta-wing g l ider  

Dyna-Soar (USA) ( f ig .  10.15b). 

the  winged g l ider  i s  solved by blunting the  forward sections of the  wing and 

fuselage, by f ly ing  with a large angle of a t tack to increase the  f r o n t a l  surface, 

and by u t i l i z i n g  l i f t  t o  prolong the  gl iding time i n  the  upper layers  of t he  

atmosphere. 

The problem of heat shielding during descent of 

A s  noted above, a sloping descent t r a j ec to ry  leads t o  an increase i n  the  

t o t a l  heat  input to the  vehicle. 

achieved mainly by rad ia t ion  diss ipat ion rather  than sublimation, and the  

decis ive f ac to r  i s  not t he  t o t a l  heat input, 

t he  subl imate ,  bu t  the  heat flow ra te ,  on which the  tempera ture  of t he  body 

depends. 

of t h e  vehcile i s  executed. 

quenched and there  i s  no longer danger from overheating, the  g l ider  enters  i n to  

I n  the present s i tua t ion ,  however, cooling i s  

which determines the  weight of /377 

This r a t e  i s  l e s s ,  t h e  higher the  atmospheric layers i n  which braking 

After the k ine t ic  energy has been su f f i c i en t ly  
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f l i g h t  with small angles of attack and high aerodynamic qua l i ty  ( l i f t - d r a g  

r a t i o ) ,  permitting the  f l i g h t  range t o  be varied e f f i c i e n t l y  and landing t o  be 

executed i n  the preselected t a rge t  location. 

I 

Figure 10.16. Velocity Coordinate System. 

We now consider the  motion of the descending vehicle about its center of 

This motion i s  described by the famil iar  equations of a i r c r a f t  aerody- mass. 

namics, referred to a veloci ty  system of coordinates ( f ig .  10.16). 

equations f o r  analysis of the  lengthwise motion of the vehicle about i t s  

center of mass ( i . e . ,  motion wi th  respect to angle of a t tack and pitch) include 

the equation fo r  the  projection of the forces  on the y-axis, which i s  normal to 

the  f l i g h t  t ra jectory:  

The i n i t i a l  

and the  equation f o r  the moments r e l a t ive  to the transverse a x i s  of the vehicle 

(p i tch  axis) : 

The following notation i s  used i n  equations (10.56) a.nd (10.57) and i n  

f igure  10.16: 

the vehicle about the  transverse axis,  b i s  the base length, a i s  the angle of 

G i s  the  weight of the vehicle, J i s  the moment of i n e r t i a  of 
z 
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attack, 6 . i s  the  pi tch angle, mZ i s  the moment coeff ic ient  r e l a t ive  to the  

transverse axis, i s  the  angular velocity of the  vehicle r e l a t ive  t o  the  same 

axis. 
Z 

The aerodynamic coeff ic ients  appearing i n  equations (10.56) and (10.57) 

are  usually assumed t o  depend on the following parameters f o r  hypersonic motion: 

where 6 i s  the  def lect ion angle of the control surface (elevator).  

W e  w i l l  presume t h a t  the  angular motion occurs i n  the  region of small /378 

deflections of the  vehicle re la t ive  t o  i t s  steady a t t i t ude  corresponding t o  

motion along the  reference t ra jectory of descent. 

t i ons  (10.58) yields  the  w e l l  known relat ions 

Then l inear izat ion of equa- 

where, fo r  simplicity i n  writing, the indices f o r  the  increments of the argu- 

ments have been dropped. 

Simultaneous solution of equations (10.56) , (10.57) , and (10.59) , taking 

i n t o  account t he  equation (see f i g .  10.16) 

a = B - q  (10. 60) 
, I  

leads t o  the  following nonlinear d i f fe ren t ia l  equation, defining the  increment 

i n  angle of a t tack of t he  vehicle re la t ive  t o  the  reference value: 

.. 
a + di -t Ba = n,6 + C, , (10.61) 
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where 

The coeff ic ients  A, B, C ,  n depend on the  angle of a t tack of the  vehicle. 
6 

If  we assume t h a t  t he  deviations i n  angle of a t tack r e l a t ive  t o  the  reference 

value are  s m a l l  during f l i g h t ,  then the coeff ic ients  of the  equation w i l l  be 

determined by the  value of t he  reference angle of attack. 

meters of the  reference descent t ra jectory,  we can calculate  the  var ia t ion  i n  

the  coeff ic ients  of equation (10.61) during the  time of descent. 

(10.61) reduces t o  an inhomogeneous l inear  d i f f e r e n t i a l  equation with variable 

coeff ic ients .  The equation can be solved by an approximate asymptotic method. 

From the  known p a r a -  

Equation 

W e  w i l l  seek the  solution of equation (10.61) i n  the  form f 379 

(10.62) 

Let t ing  

(10.63) - (10.64) 

and subs t i tu t ing  these expressions in to  the  truncated equation (10.61), we f ind  

i + "2 + h: + B -  (q -;$ (+) = 0.1 
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A-ssuming the condition 

(10.66) 

we have from (10.65) 

whence it follows t h a t  the  solution of the  equation of motion with respect t o  

angle of a t tack i s  wri t ten i n  the form 

(10.68) 

where i s  the  posit ive root  of equation (10.67). 1 

Apropos the f a c t  t h a t  t he  expression under the rad ica l  i n  (10.67) i s  always 

I n  the  f i rs t  r e a l ,  t h e  square root  i s  e i the r  positive real o r  p u r e l y  imaginary. 

instance,  the  solution (10.68) can be wri t ten i n  the form 

t 

a = C (:jfexp l- p d!) sh 
0 

p d t + , ] .  

i n  t h e  second case 

where p i s  the  modulus of h l ,  po - - ~ l ~ = ~ .  



With the  i n i t i a l  conditions a(0)  = ao,  & (0) = 0, t h e  constants appearing /380 
i n  equations (10.69) and (10.70) have the  values 

C=a, l /  1 + a ? ;  

'p = arc tana-1, 

where 

The condition (10.66) assumes the form 

(10.71) - (10.72) 

The natural  damping of hypersonic vehicles i s  very s l igh t ,  so t h a t  the  

motion with respect t o  angle of attack i s  defined by equation (10.70). 

It i s  instruct ive t o  compare the resu l tan t  solution with the  one t h a t  

would be obtained i f  we used the  so-called method of "frozen" coeff ic ients ,  

i .e. ,  i f  we l e t  t he  coefficients of equation (10.62) be constant during separate 

in te rva ls  of t he  f l i g h t  t i m e .  This assumption means t h a t  a t  every ins tan t  the  

vehicle moves a t  a constant a l t i tude  and with constant velocity. The equation 

of i n t r i n s i c  angular motion with constant coefficients w i l l  have t h e  following 

€0IT1: 

and i t s  solution 

(10.76) 



where 

Engineering calculations of d i f fe ren t  modifications of the descent of 

hypersonic vehicles show t h a t  the value of B i n  the  expressions under the  radi- 

ca l s  i n  equations (10.67) and (10.77) i s  from three t o  f i v e  orders of magnitude 

higher than the  values of t he  other terms i n  the  sum, so t h a t  we may assume 

with considerable accuracy 

x , = p l  = v--j - I 
I n  t h i s  case, the  natural  frequencies of osc i l la t ions  i n  angle of attack, /381 

i n  accordance with the  solutions (10.68) and (10.76), w i l l  be equal, respec- 

t ive ly ,  t o  

(10.79) - (10.80) 
Q=)fZ. I 

A comparison of these equations shows t h a t  f o r  small time in te rva ls ,  where- 

i n  the  coeff ic ients  of t he  equations are assumed t o  be constant, t he  method of 

"frozen" coeff ic ients  yields  values for t h e  frequency almost ident ica l  t o  the  

frequency obtained on the  bas i s  of the asymptotic solution. This i s  inferred 

from t h e  iden t i ty  of t he  equations f o r  s m a l l  t i m e  intervals  wherein B ( t )  = const. 

The picture  turns  out d i f fe ren t ly  when t h e  damping of the  angular osc i l la t ions  

i s  evaluated i n  terms of t he  equation with constant coefficients.  I n  t h i s  case, 

t he  damping i s  characterized by the  term e-wt, as opposed t o  (h lo /h l ) e sp  -Jy d t  1 
i n  t he  asymptotic solution. 
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Under r e a l  descent conditions 

B (t)  =- Sbq (- nz;) . 
J z z  

Now, allowing f o r  (10.78), we obtain i n  the  solution (10.68) 

Consequently, t he  e f f e c t  of a var ia t ion i n  the coeff ic ients  of equation 

(10.62) i s  expressed i n  the dependence of the  angular o sc i l l a t ing  damping on the  

ve loc i ty  head during descent. 

the vehicle and the  osc i l l a t ions  of a spring, which are  also described by 

second-order d i f f e r e n t i a l  equations, it may be s ta ted  t h a t  the indicated property 

corresponds to the  influence of a s teadi ly  varying spring s t i f fnes s  on i t s  

o sc i l l a t ion  amplitude. 

Drawing an analogybetween the angular motion of 

The graph i n  figure 10.17 shows the var ia t ion  i n  amplitude of the  natural  

o sc i l l a t ions  of a descending capsule t h a t  i s  unstable with respect to angle of 

attack. An example of such a vehicle i s  the  Mercury capsule, f o r  which 

ca < 0 ( r e f .  84). 

l a t i o n  during the f i r s t  half  of f l i gh t  decreases (curve 1) , whereas the  appli-  

cat ion of equation (10.76) would indicate d i s to r t ion  of the t r u e  angular motion 

of the  capsule (curve 2) .  

A s  evident from the graph, the amplitude of na tura l  o sc i l -  
Y 

Our analysis of the  natural  motion of a spacecrart during atmospheric /382 

descent leads to the  following conclusions, which have d i r ec t  bearing on the  

choice of control system for descent and landing ( re fs .  23, 30, 44). 

1. The landing accuracy of a 

pheric descent can be increased by 

alignment o f  the  def lect ing th rus t  

vehicle t h a t  i s  uncontrolled during atmos- 

reducing the  e r ro r s  i n  the control system f o r  

of the  braking rocket during descent f’rom the  
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Figure 10.17. Angular Motion Character is t ics  of a Capsule. 

However, t h i s  does not eliminate the influence of the d ispar i ty  space o rb i t .  

between the t r u e  atmosphere and the  standard atmosphere, wind deflections,  and 

other  perturbations on the  deflection of the  descent t r a j ec to ry  from i t s  nominal 

course. The indicated fac tors  reduce the  landing accuracy of the uncontrolled 

vehicle. The accuracy i s  enhanced by u t i l i z a t i o n  of a closed-loop system t o  

control the motion of the vehicle 's  center of mass during descent. 

2. I n  addition t o  increasjhg the landing accuracy, the  system f o r  control 

of the  vehicle during descent should correct the descent t r a j ec to ry  so as t o  

eliminate any danger of overloading o r  overheating of the  vehicle due t o  de- 

parture of the atmosphere from standard conditions, wind def lect ions,  e tc .  

3. Ut i l iza t ion  of lift force t o  enhance the  maneuverability of the  

vehicle imposes on the  control system the  problem of coping with rebound of the  

vehicle f romthe  dense layers  of the  atmosphere, since rebounding, o r  skipping 

descent imposes heavier design requirements on the construction of the vehicle, 

i t s  navigation system, and t h e  control system. 

4. The i n t r i n s i c  damping of angular osc i l l a t ion  of the  vehicle a t  hyper- 

sonic speeds i s  negligibly small and mus t  therefore  be augmented by a r t i f i c i a l  

damping, induced by the  control system. 

5. The descent of the  spacecraft i n  the atmosphere i s  chasacterized by 

broad var ia t ion  i n  the  dynamic parameters of t he  motion (velocity,  a l t i t ude ,  
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slope of the t ra jectory,  e tc . ) .  

meters of the control system i n  order to obtain optimum regulation. 

of the system parameters can be achieved by the  use  of self-adaptive techniques 

This requires var ia t ion of the dynamic para- 

Variation 1383 

i n  the control system. 

10.2 DESIGN PRINCIPLES FOR DESCENT CONTROL SYSTEMS 

A conceptual block diagram of a control system for the  descent of a space 

vehicle i n  the atmosphere i s  shown i n  general form i n  f igure 10.18. W e  w i l l  

consider i t s  various elements and functions. 

Figure 10.18. Control System Diagram. 

The acquis i t ion and preliminary processing of information on the character- 

i s t i c  descent parameters (coordinates, velocity,  acceleration, or ientat ion,  e tc .  ) 

i s  accomplished by the navigation system NS. 

t u re s  r e l a t ed  t o  the conditions o f  motion i n  the  atmosphere a t  hypersonic 

speeds. This r e f e r s  p r imar i ly to  the uni t s  which determine the s p a t i a l  coordi- 

nates of the  vehicle r e l a t ive  to the  ea r th ' s  surface and without which the con- 

s t ruc t ion  of a ciosed-ioop control system, ensuring a r r i v a l  of the  vehicle a t  

the  predetermined landing area, would be impossible. The use of on-board co- 

ordinators  of various types (radar,  infrared, radiothermal, e tc . )  for descent 

i n  the  atmosphere involves tremendous d i f f i c u l t i e s ,  since the weak signals re- 

f l ec t ed  or transmitted by the ear th ' s  surface are  d i f f i c u l t  t o  separate from 

the  background radiat ion emanating from the  heated surface of the vehicle and 

It possesses cer ta in  design fea- 
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the  ionized layer  of a i r  surrounding it. 

be transmitted by high-power radw stat ions on ear th ,  

Coordinate (posit ion) information can 

Investigations show ( re f .  56) tha t  the  s ignal  ca r r i e r  frequency m u s t  l i e  

between the l imi t s  from 30 t o  50 Tc o r  above 60 Tc, where sca t te r ing  of the 

s ignal  by the ionized layer  and atmospheric pa r t i c l e s  i s  minimal ( f ig .  10.19). 

Another powerful source of posit ional information i s  an on-board i n e r t i a l  

system. 

the  above-mentioned information sources pr ior  t o  formation of the ionized layer ,  

i . e . ,  before the vehicle enters  the dense layers  of the atmosphere. 

Preliminary correction o f  the i n e r t i a l  system i s  real ized by means of 

I n  hypersonic descent, it i s  d i f f i c u l t  t o  measure the parameters of the  

f r ee  stream i n  which the  vehicle i s  moving. The b e t t e r  modern veloci ty  and 

angle-of-attack sensors function i n  the range of  ve loc i t ies  no greater  than 

Mach 10. 

1384 

Figure 10.19. Radio Signal Scattering Spectrum. 

1) Scattering, db 2) Ion cloud 

For t h i s  reason, some of the parameters can only be ascertaine, ind i rec t ly .  

For example, the  angle of a t tack can be computed from equation (10.61) i f  the 

angles and I are measured by an i n e r t i a l  system o r  according t o  the  value of the  

measured normal load. The influence of  the  descent charac te r i s t ics  on the oper- 

e t ion  o f  the remaining elements of the navigational system i s  l e s s  pronounced. 
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The formulation of vehicle control principles and the choice of  a descent 

program are real ized by the computational-decision center CDC together with the 

program section PS. The need f o r  changing the programs during descent i s  ex- 

plained by the l imited number of  control uni ts ,  which prevents simultaneous 

s t ab i l i za t ion  of the  vehicle i n  the nominal spa t i a l  t ra jec tory ,  l imi t ing  of the 

temperature of t he  body, and maintenance of the  load below the permissible 

threshold. 

the  zone of a hazardous loading and heating have been passed, it i s  convenient 

t o  exercise control of the  spa t i a l  position of  the vehicle i n  the  coordinates 

L(h) so as  t o  br ing it in to  a predetermined region a t  a given height,  from 

which the landing proper w i l l  be in s t i t u t ed  (by means of parachutes, devices 

fo r  automatic guidance t o  the  a i r f i e ld ,  e tc . ) .  F l igh t  proceeds a t  small angles 

of a t tack,  corresponding t o  a high l i f t -d rag  r a t i o ,  i n  order t o  provide maximum 

For instance, i n  the last stage of descent of a winged vehicle, when 

range maneuverability of  the  vehicle. 

nominal value i n  t h i s  case i s  a rb i t ra ry  and i s  determined by the perturbations 

o f  the  nominal conditions for descent. 

The deviation of the ve loc i ty  from the  

On the  other hand, i n  the  i n i t i a l  stage of f l i g h t  i n  the atmosphere, when 

the  load and heat flow r a t e  are continually increasing, operation of the con- 

t r o l  system for s t ab i l i za t ion  i n  the nominal spa t i a l  t r a j ec to ry  may, with ap- 

preciable deviations of  the  i n i t i a l  entry conditions from nominal, lead t o  an 

inadmissible proportion between the a r b i t r a r i l y  varying ( r e l a t ive  t o  nominal) 

f l i g h t  veloci ty  and a i r  density, i .e . ,  the  parameters governing the thermal and 

dynamic loading charac te r i s t ics  of  descent. 

vide for  l imited loading or temperature, permitting e r r o r  i n  range, which can 

be eliminated a t  a l a t e r  time. 

I n  t h i s  case, it i s  wiser t o  pro- 
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Loading and temperature control can be real ized e i t h e r  d i r e c t l y  o r  para- /385 
metrically. In the f i rs t  case, the  measured ac tua l  load o r  temperature i s  com- 

pared with the programmed value and the mismatch i s  eliminated by the control 

system, which a l t e r s  the t r a j ec to ry  of the vehicle. 

i s  carr ied out on the bas i s  of certain ind i rec t  parameters, which uniquely de- 

termine the load o r  temperature. Since, fo r  example, the heat flow r a t e  and 

load are  determined by the f l i g h t  velocity and a i r  density, which depends on 

the height, a t ten t ion  needs t o  be centered on r e s t r i c t i n g  the thermal and dy- 

namic loads by s t ab i l i za t ion  of the nominal conditions of descent, as  specified 

by the function h(V). Final ly ,  i n  the i n i t i a l  stage of descent the  f l i g h t  of 

the vehicle m u s t  proceed a t  large angles of a t tack i n  order t o  ensure uniform 

heat  input over the whole surface. 

In the  second case, control 

The CDC a lso has the function of varying the parameters of the  control 

system as  the dynamic character is t ics  of descent change. For t h i s  purpose, the 

t r ans fe r  numbers of the vehicle control system (autopi lot)  are varied by the 

programmed o r  self-adaptive uni t  of the CDC. 

The program complex i n  the  PS i s  dictated by the descent objectives. I n  

addi t ion t o  those indicated above, we also note the  following e s sen t i a l  pro- 

grams: constant longitudinal load, constant v e r t i c a l  velocity,  min imum heat 

flow t o  the body of the  vehicle, minimum t o t a l  heat input,  f l i g h t  along the 

equilibrium t ra jec tory ,  maximum f l igh t  range. 

s ignals  are  fed t o  the ampl iwng  and d i s t r ibu t ing  subsystem ADS of the auto- 

p i lo t ,  as  well a s  t o  the instrument I, the readings of which are  used by the 

astronaut A f o r  manual o r  semiautomatic control of the vehicle i n  case of 

emergency. 

From the  CDC output, the control 
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The control un i t  CU executes the  actual  displacement of the control surfac- 

e s  o r  var ia t ion  of the t h r u s t  from the vernier  rockets, f o r  example, by d iscre te  

o r  continuous regulation of the  nozzle opening diameter. 

act ive s t ab i l i za t ion  of a t t i t ude  t o  the aerodynamic mode i s  executed on command 

f romthe  CDC a t  the  ins tan t  the control surfaces become su f f i c i en t ly  e f fec t ive  

f o r  aerodynamic s tab i l iza t ion .  The effectiveness c r i t e r ion  can be defined i n  

terms of the angular acceleration of the vehicle created by periodic def lect ion 

of the  control surfaces a t  some angle, o r  ind i rec t ly ,  according t o  the  dynamic 

pressure of the flow around the vehicle. The l a t t e r  i s  computed i n  accordance 

with the  height and veloci ty  of f l i g h t  o r  from the  measured longitudinal load. 

The t r ans i t i on  from re -  

We w i l l  now 

systems a s  noted 

zing the  vehicle 

10.3. CONCEPTUAL CONTROL SYSTEMS & 
examine some of t he  operating conditions f o r  descent control 

above. 

i n  a spa t i a l  t r a j ec to ry  prescribed i n  the coordinates of angu- 

Figure 10.20 shows one version of a system for s t a b i l i -  

lar range 8 and height h (ref. 48). 

d i g i t a l  computer, taking in to  account the  vSmia-tion in weight of  the vehicle due 

t o  the  loss i n  mass of the sublimate, var ia t ion  i n  the aerodynamic coeffic- 

i e n t s  with Mach number M, wind perturbations i n  the  atmosphere. 

model f o r  the  hypersonic vehicle was chosen i n  the  shape of a truncated cone 

with hemispherical blunting, equipped with four small wedge-shaped t r iangular  

control  surfaces, s i tuated about the circumference of  the t a i l  section i n  a 

cross pattern. The leading edges o f t h e  surfaces and nose section of the  ve- 

h i c l e  were coated with a sublimating material. 

descent was specified with consideration for the  following requirements. 

of a l l ,  the  power expended i n  control o f  descent m u s t  be minimized; in t h i s  

case, descent proceeds a t  small angles of attack, ensuring maximum effectiveness 

The control system was investigated on a 

The schematic 

The reference t r a j ec to ry  fo r  

F i r s t  
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Figure 10.20. Block Diagram of System for Automatic S tab i l iza t ion  
of the  Vehicle i n  a Spat ia l  Reference Trajectory. 

1) Command receiver 
2) Longitudinal channel of 7) Computer Channelwise 

3) Angular dynamics of vehicle 
4) Center-of-mass dynamics of 

5) Command t ransmit ter  

6) Cooling uni t  

autopilot  d i s t r ibu t ion  of control 
s ignal  

8) Ground radar tracking 

9) Reference t r a j ec to ry  
vehicle s t a t ion  

on the p a r t  of the control surfaces, which do not "shield" the vehicle from the  

passing airstream. Second, the  load fac tor  m u s t  not exceed 8; for t h i s  pu r -  

pose, the  angle of atmospheric entry a t  a height h 

-1.6"; furthermore, during descent, the control surfaces were 2eflected a t  a 

nominal angle 6, E 4", which provided f o r  descent by a t r a j ec to ry  more sloping 

than a b a l l i s t i c  t ra jectory.  

assumed equal t o  7.43 km/sec. 

= 90 km was limited t o  en 

The velocity of ent ry  in to  the atmosphere was 

The control l a w ,  i n  accordance with the  notation adopted i n  section 1387 

10.1, was assumed as  follows: 

( 10.81) 

where the subscript  "n" denotes the nominal value of the indicated parameter. 

The f i r s t  two terms of equation (10.81) provide for s t ab i l i za t ion  of  the 
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vehicle i n  the programmed t r a j ec to ry  Q(h).  

damping with respect t o  angle of attack. 

The l a s t  term generates a r t i f i c i a l  

The investigation was run with constant coeff ic ients  i n  the control law: 

I 
I 
' 

,+ = 100; k ,=  10-4 deg/km; k3 = -:0,25 s s ,  

The r e s u l t s  of the investigation show t h a t  with an open-loop system f o r  

control of the  center-of-mass motion, a discrepancy a r i s e s  i n  the point where 

the  vehicle lands i n  the predetermined region with an e r ro r  coeff ic ient  

d ( r @ / d @ =  38 km/deg (ref .  48). 

curacy i n  range of about 0.04 km i n  the quiet  atmosphere and 0.07 km with wind 

disturbances i n  the case when the i n i t i a l  conditions of atmospheric en t ry  have 

Closed-loop control provides a guidance ac- 

the  following e r ro r  r e l a t ive  t o  the  nominal values: A e e n  = O . l o ,  ALen = -90 km. 

It follows *om the graphs shown i n  figure 10.21 t h a t  with the control law 

(10.81), osc i l l a to ry  t r ans fe r  processes w i l l  occur i n  the parameters charac- 

t e r i z i n g  the motion of the center of mass. 

)L--h Klcf 

25 

0 

-25 

Figure 10.21. Stabi l izat ion of Vehicle on Trajectory 
= 0.1'; ALen = -90 km). ( w e n  
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Figure 10.22. Comparison of the  Expenditure of Sublimate. 

It i s  in te res t ing  t o  observe tha t  the  deviation i n  r e l a t ive  weight of 

spent sublimate from the nominal value (aGcool/Gn~ cool ) turns  out t o  be l e s s  i n  

a closed-loop control system than i n  an open-loop system of -Qen < -Qneen, and 

vice-versa ( f ig .  10.22). This i s  explained by the  f a c t  t h a t  the  closed-loop 

system quickly r e ins t a t e s  the normal value of the  t r a j ec to ry  slope angle. 

sequently, for  - Qen < - Qneen, the  t r a j ec to ry  of controlled f l i g h t  w i l l  be 

steeper than with open-loop control, the  t o t a l  heat input will be l e s s ,  hence 

the  weight of the  spent sublimate w i l l  a lso be less .  

Con- 

In the  converse s i tuat ion,  

the  e f f e c t  i s  reversed. 

The var ia t ion i n  longitudinal load  during controlled descent i s  charac- 

t e r i zed  by peaks in excess of the admissible value of 8 ( f ig .  10.23). 

flow r a t e  toward the c r i t i c a l  point also turns  out t o  be above the nominal 

The heat 

value. 

when the  load md temperature of the vehicle increase and reach maxiillurn values, 

Both f a c t s  indicate  t h a t  i n  the first stage of atmospheric descent, 

s t ab i l i za t ion  of  the vehicle on i t s  nominal course may lead t o  inadmissibly 

high thermal and dynamic loads. 

vehicle on the t r a j ec to ry  Q(h) m u s t  be equipped with loops for r e s t r i c t i n g  the1388 

temperature and load. 

Consequently, the system for s t ab i l i z ing  the  

In the  event t ha t  the admissible values of the  tempera- 

t u r e  and load fac tor  are  exceeded, the master program will be cut off, and the 
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vehicle will change i t s  f l i g h t  path i n  accordance with the operation of the c i r -  

cu i t  for l imit ing the indicated parameters, u n t i l  such time as  the unsafe 

conditions are eliminated. 

- v ,  I 1  I I I 

Figure 10.23. 

-100 200 300tsec 1 

Comparison of Overloads 
and Uncontrolled Descent. 

in Controlled 

,3 

Figure 10.24. Characterist ics of Capsule Weighing 1292.76 kg: 

1) Center of Gravity; 2) Principal Axis; 3) Angle Reference Plane. 

A n  in te res t ing  modification of the control system for a semibal l is t ic  

capsule ( f ig .  10.24) i s  investigated i n  referecce 88. 

of descent, the f l i g h t  of the  capsule proceeds a t  a constant angle of a t tack 

a= 2 5 O ,  corresponding t o  a l i f t -d rag  r a t i o  K = 0.42 fo r  the capsule. 

of a t tack  i s  created a s  the r e s u l t  of assymtery i n  the aerodynamic prof i le  of 

the  capsule. Control of the descent t r a j ec to ry  i n  the  longitudinal plane i s  

rea l ized  by varying the l i f t -drag  r a t i o  between the li.mits from 0.28 t o  0.49 

Under nominal conditions 

The angle 
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by the aef lect ion of braking f o i l s  re la t ive  t o  the nominal angular posit ion a t  

a f ixed angle of attack; control i n  the l a t e r a l  plane i s  accomplished by tilt- 

ing the  capsule within the l i m i t s  of -130”. 

descent from a height of 90 km, the  t o t a l  range of maneuverability amounts t o  

300 km i n  range and -1370 km i n  l a t e r a l  deviation. 

In the  740 km nominal range fo r  

A block diagram of the  capsule control system i s  shown i n  f igure 10.25. 

It i s  assumed t h a t  the angular motions of the capsule a re  damped by a special/389 

c i r c u i t  of the control system. The system provides f o r  s t ab i l i za t ion  of  the 

reference conditions of descent a s  specified i n  the coordinates o f  range L and 

ve loc i ty  V. 

A8 

veloci ty  Vmeas and programmed velocity V 

The control l a w  i s  based on proportionali ty between the  def lect ion 

of the  aerodynamic braking f o i l s  and the difference between the  measurement f 

P r ’  

Figure 10.25. Block Diagram of Capsule Control System. 
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Range, krn 

Figure 10.26. Characterist ics of the Calculated Capsule Trajectory 
During Atmospheric Descent: No Wind, T i l t  Angle Equal 

t o  O o ,  K = 0.42, G/c S =: 128.3 
Y 

1) Height above ea r th ' s  surface, h 2) Velocity, h / s e c  

The programmed veloci ty  V i s  determined by the base r e l a t ion  between the 
P r  

range and f l i g h t  ve loc i ty  of the capsule for a l i f t - d r a g  r a t i o  K = 0.42 

( f ig .  10.26) . The control principle i n  the coordinates of range and velocity,  

a s  opposed t o  control i n  the coordinates of range and height, i s  chosen on the  

bas i s  of the following considerations. The ve loc i ty  of the capsule var ies  more 

smoothly as  a function of range than of  height (see f ig .  10.26); the system 

for controlled descent i n  the coordinates L and h i s  l e s s  sui table  for the  

given type of vehicle when head winds a re  encountered. 

A head wind causes a drop i n  the normal veloci ty  of the  capsule, which 

c l ea r ly  c a l l s  for an increase i n  the  l i f t - d r a g  r a t i o  i n  order t o  maintain the  

given landing approach range. The descent control system i n  coordinates L and 

V creates  a control action which tends t o  increase the  l i f t - d r a g  r a t i o  with a 

decrease i n  f l i g h t  velocity. On the  other hand, a head wind w i l l  tend t o  lift 

the  vehicle t o  a greater  height. In t h i s  case, the  descent control system i n  

coordinates of range and height w i l l  require a decrease i n  the l i f t - d r a g  r a t i o  

i n  accordance with the programmed re la t ion  between L and h (see fig.  10.26), 
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which, i n  the  l a s t  analysis,  a t  reduced capsule ve loc i ty  can r e s u l t  i n  missing 

the  designated landing s i t e .  

Table 10.1 shows some r e s u l t s  of a machine computation of the  miss distance 

o f  a controlled capsule due t o  errors  Ah 

and veloci ty  i n  the i n i t i a l  operation of the  control system, e r ro r s  i n  measur- 

i ng  the  veloci ty  of  the capsule VE, the influence of head wind, and var ia t ion  

i n  the  drag coef f ic ien tAc The range measure- 

ment e r ro r  was assumed t o  be negligible, since the range i s  measured with very 

high precision by a network of ground radar s ta t ions.  

a i r  currents and a sui table  choice of control system parameters, the  m i s s  

distance of the capsule, a s  the  calculations show, should be l e s s  than 2 km. 

and AVin i n  determining the  height i n  

r e l a t ive  t o  the nominal value. 
X 

With moderate oncoming 

" 
TABLE 10.1 

NUMERICAL RESULTS FROM SIMULATION OF SYSTEM FOR 
CO"I3OL OF CAPslTLE DESCENT IN LONGITUDINAL PLANE 

Error source 

= 30.5 m/sec 

= -30.5 m/sec 
Avin 

Avin 
Ahin E 3000 m 
ahin E -3000 m 

Ahin Ll 

Ahin 

E -3000 m, AV 

E -3000 m, AVin = -6.1 m/sec 

= 6.1 in/sec 

V€ E: 61 m/sec 

Strong head wind 

= lo$ 

VE = 1.5 v 

M i s s  distance i n  km 

kl = 0 

340 
-280 

181.5 
-177.5 

-- 
-- 
-- 

-452 
-23.6 

-- 

kl = 0.00164 
deg. sec/m 

0 . 278 
-1.095 
-0.074 
-0.185 
-0.965 
-0 575 
-8.75 
-27.7 
-9.6 
-9.45 
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Consider now the operation of  the descent control system for  a s p a c e c r a f t h  

when a cer ta in  constant l i m i t  i s  placed on the longitudinal load factor  ( ref .  

33). 

stressed stage of the descent. 

This kind of operation can take place i n  the  i n i t i a l ,  dynamically more 

I n  connection with the f a c t  t h a t  var ia t ion of 

the t r a j ec to ry  during control a f fec ts  the  var ia t ion i n  load with greater Iag, 

the  control law must include, i n  addition t o  the posit ion signal with respect 

t o  longitudinal load, a signal based on the  r a t e  of change of load due t o  var i -  

a t ion of the  parameters for the center-of-mass motion of the vehicle: 

6 - 6 n = iz,  (nn- n) + k,tz + kj (5 - @). 

Thare are  some unique features  i n  the  formulation of the components of t he  

control law. The longitudinal load, measured by an acceleratometer c i rcu i t ,  

i s  equal t o  

- 
and i t s  derivative,  taking (10.20) into account, i s  

where 

(10.84) 

(10.86) -(10.87) 

The component n i s  a t t r ibutable  t o  var ia t ion of  the center-of-mass motion 1 
parameters and i s  very small i n  comparison with n2, which characterizes the  

r a t e  of change of load i n  angular motion of the vehicle during the control 

process. For prac t ica l  purposes, it may be assumed t h a t  
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Consequently, the introduction o f  the  component h in to  the control law i s  

equivalent t o  varying the a r t i f i c i a l  damping of angular motion of  the vehicle, 

since i n  the  in t e rva l  of small angular amplitudes, n2 i s  proportional t o  &. 

f ac t ,  neglecting the  var ia t ion i n  the parameters  of the  center-of-mass motion 

I n  

during angular motion, we obtain f'rom equation (10.87) 

where 1392 

In the  case when damping of the vehicle 's  angular motion i s  provided by 

other means, f o r  example, by means o f  a t h i r d  term i n  the  control l a w  (10.81), 

the  component of t he  measured value of 6 can be eliminated f romthe  control law. 

Since the  measurement of n does not, i n  practice,  mean t h a t  the  value of 

b required i n  the  control l a w  can be obtained, the second quantity m u s t  be ob- 1 

, ta lned by means of a computer u n i t  which r ea l i zes  the  r e l a t ion  (10.86). Equa- 

t i o n  (10.86) can be simplified if  we assume t h a t  the value of the  load factor  

i s  s tab i l ized  with suf f ic ien t  precision. 

we obtain 

Then, comparing (10.84) and (10.86), 

(10.88) 

Figure 10.27 shows the  variation i n  load and angle of  a t tack of  a winged 

vehicle descending with d i f fe ren t  i n i t i a l  angles of a tmspheric  en t ry  and con- 

t r o l l e d  according t o  the law (10.83). The nominal def lect ion of the  elevator 
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Figure 10.27. Stabi l izat ion of the  Load Factor nn = 3. 

f o i l  w a s  chosen so t h a t  t he  nominal angle of a t tack would be equal t o  90" t o  

a l l ev ia t e  the  heating conditions. The coeff ic ients  of the  control law (10.83) 

were held constant. The r e s u l t s  show t h a t  even constant t ransfer  numbers i n  

the  autopi lot  can ensure sa t i s fac tory  l imi ta t ion  of the load (in the  given 

case n = 3). n 

Vwiat ion of the  descent parameters, p r imar i ly the  veloci ty  head, means 

t h a t  constant coeff ic ients  i n  the control law prove t o  be optimum only during 

a short  t i m e  i n t e rva l  and cannot guarantee high-quality control over the  en t i r e  

f l i gh t .  

t he  autopi lot  so a s  t o  optimize t h e i r  value a t  every instant .  

This brings for th  the problem of readjusting the  t r ans fe r  numbers of 

The s ta ted  

objective i s  bes t  m e t  with self-adaptive c i r cu i t s .  

Self-adaptive c i r c u i t s  f o r  vehicle a t t i t ude  control lers  have been ra ther  

completely described i n  the  l i t e r a tu re .  

t he  funct ional  block diagram of which i s  shown i n  figure 10.28. 

based on v w i a t i o n  of the control signal gain such t h a t  the t o t a l  gain for the& 

open-loop system of vehicle + autopilot  w i l l  be optimal, i.e., w i l l  be a s  large 

We w i l l  consider one of them ( re f .  23), 

The c i r c u i t  i s  

a s  possible but, on the other hand, not so much so t h a t  the osc i l l a to ry  mode 
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produced i n  the system would exceed permissible norms, which are  based on 

several  conditions. 

the  following considerations. 

t r ans fe r  function for increase in gain of the forward channel becomes 

The tendency toward providing a high gain i s  dictated by 

In a closed-loop servo system (f ig .  lO.29), the  

Figure 10.28. Angular Stabi l izat ion Channel with Self  -Adaptive Loop: 

i s  the Specified R.M.S. Osci l la t ion Amplitude. 'Yn 

I) a-Meter 6) F i l t e r  

2) Model 7) &-Meter 

3) Variable gain 8) Depolarizer 

4) Elevator drive dynamics 9) Readjustment 

5) Vehicle dynamics 

For example, with W2(p) = I, we obtainQl(p) -- 1, i.e., the  t r ans fe r  func- 

with t i o n  of a closed-loop system ensures reproduction of t he  control s i g n a l a  

very minute error .  
n 

Under r e a l  conditions, the value of the forward-channel gain 

i s  f i n i t e .  This leads t o  dynamic errors  i n  processing of the  control signal,  



above a l l  t o  the onset of autooscil lations due t o  the  large gain, as  well as 

various kinds of non-l inear i t ies  ( i n  the amplifier stages, actuator mechanism, 

e tc . ) .  The design and p a r a t e r s  of the  control ler  can be chosen so t h a t  the 

autoosci l la t ion charac te r i s t ics  w i l l  be reduced t o  permissible leve ls  with con- 

current preservation of  large gain i n  the  open system. It i s  on t h i s  principle 

t h a t  the  c i r c u i t  shown i n  f igure 10.28 functions. /394 

Figure 10.29, Structure of Servo System. 

The c i r c u i t  s t ab i l i ze s  the  prescribed a t t i t ude  of the spacecraft, f o r  

example, the angle of attack. The difference between the  actual  and specified 

a t t i t u d e  i s  received by the-model, which has a standard character is t ic .  Nor- 

mally, the model i s  an i n e r t i a l  o r  osc i l la tory  l ink,  which provides the  desired 

e r ro r  s ignal  processing character is t ic ,  The gain of t he  loop i s  adjusted so 

t h a t  autoosci l la t ions of a de f in i t e  amplitude and ffrequency w i l l  be maintained 

i n  the  loop. Variation of the  gain i s  real ized by a retuning c i r c u i t  actuated 

by the e r r o r  s ignal  between the  specified and ac tua l  autoosci l la t ion amplitude 

of the  vehicle 's  angular position. The choice of  frequency and amplitude i s  

d ic ta ted  by two  fac tors :  In order t o  minimize equipment wear, reduce the power 

consumption i n  operation of t he  c i r cu i t ,  and t o  improve the  physiological envi- 

ronment during f l i g h t ,  the  amplitude and frequency should be a s  small as  pos- 

s ible;  on the  other hand, it i s  desirable t o  r a i s e  the fYequency so as t o  speed 

up self-adaptation, and t o  r a i se  the amplitude so as  t o  augment the  useful 

s igna l  against  the noise background. The choice of autoosci l la t ion frequency 



i s  made by varying the  portion of the angular veloci ty  s ignal  i n  the  feedback 

section. Thus, increasing the signal moves the  autoosci l la t ions i n t o  the re- 

gion of higher frequencies. The osc i l l a t ion  amplitude i s  s tab i l ized  by varying 

the  gain of the  control loop. 

. -6 

Figure 10.30. Self-Adaptive Loop. 

1) Vehicle dynamics 
2) F i l t e r  5) Readjustment 
3) Depolarizer 

4) Drive Dynamics 

The self-adaptive c i r c u i t  i s  shown separately i n  figure 

above, the  c i r c u i t  readjusts  the gain of the control loop on 

10.30. A s  noted 

the bas i s  of the  

e r ro r  s ignal  between the  ac tua l  and specified amplitudes of the osc i l l a t ions  

i n  angular position. 

i n  angular ve loc i ty  can be reduced t o  the  values necesssvy for high-quality 

readjustment, whereas the angular osc i l la t ions  of the  vehicle and osc i l la t ions  

of t he  control surfaces remain small. 

The advantage of  t h i s  technique i s  t h a t  t he  osc i l l a t ions  

& 

The measured value of  the angular ve loc i ty  i s  fed t o  the  f i l t e r ,  which 

transmits the  high-frequency autoosci l la t ion s ignal  and blocks the  low- 

frequency s ignal  received from the model. 

polar izer ,  which creates  a constant voltage proportional t o  the r.m.s. value of 

t he  angulaz ve loc i ty  osci l la t ions.  This voltage i s  summed with the  constant 

voltage corresponding t o  the specified r.m.s. amplitude of the osc i l la t ions .  

and t h e  difference signal i s  used t o  readjust  the  gain of the  control loop. 

The signal then passes t o  the de- 
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For analysis of the dynamics o f t h e  self-adaptive loop, it i s  necessary t o  

have the  dependence of the  var ia t ion i n  amplitude & on the var ia t ion  i n  gain. 

With a high autoosci l la t ion frequency and low amplitude, su f f i c i en t ly  ac- 

curate l inear iza t ion  of the dynamical d i f f e r e n t i a l  equations of the  control 

loop i s  possible. 

of  a closed system f o r  readjustment o f  the  gain has the following expression: 

I n  t h i s  case, as shown i n  reference 23, the t r ans fe r  function 

where a i s  a constant coefficient.  

Figure l O . 3 l .  S t ructural  Diagram of Self-Adaptive Loop. 

Now the  self-adaptive system (see f ig .  10.30) w i l l  correspond t o  the  

s t ruc tu ra l  diagram shown i n  figure 10.31. 

justment element W(p) i s  chosen from the s t ipu la t ion  of high-speed response and 

s t a b i l i t y  on the p a r t  of t he  closed-loop system. 

should represent a s e t  of one integrat ing and two boosting elements: 

The t r ans fe r  function o f  the  read- 

It can be shown t h a t  W(p) 

Figure 10.32 shows the  logarithmic frequency charac te r i s t ic  of t he  se l f -  

adaptive system. 

l imi ta t ion  on the  osc i l l a t ion  amplitude with maximum r a t e  of change o f  t he  

closed system gain in response t o  change i n  the  external  conditions, determine 

The requirements of accuracy of readjustment, which impose a& 
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the  following value for the  cutoff frequency: 

0,- ak,T2. , 

Moreover, on the  bas i s  of the conditions for system s t a b i l i t y ,  the follow- 

ing requirements mus t  be f u l f i l l e d :  

ZOlgA 
I 

Figure 10.32. Frequency Characterist ics of Self-Adaptive Loop. 

The above postulates are borne out by computer simulation of the  self- 

adaptive processes. 

The investigated systems for  control of t he  individual hypersonic f l i g h t  

parameters of a vehicle give some idea of the control system f o r  f l i g h t  of the 

vehicle as  a whole. 

synthesis and successful design of control systems f o r  descent and landing of 

space vehicles will l a rge ly  determine man's fur ther  conquest of outer space. 

It i s  apparent t h a t  t h i s  system i s  highly complex. The 
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EQUATIONS CITED FROM O ” . E X  PORTIONS OF THE BOOK 

2 Equation (1.3) : TT 
c r  m - = G  r 

Equation (1.12) : 

e = Orbital  eccentricity:  

4A2 . 

gRR2 

P E P ,  

4A2tan f i  tan@o = 2 2 +R ro-4A 

Equation (1.13) : 

Equation (1.15) : 

Equation (1.16) : 

Equation (1.17) : 

1 
2 0 0  

X - r V c o s a -  Areal velocity: 

a(1 - e2) 
1 + e cos r =  

e = Y  7 l + 3 c o s ~  
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